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Mitallographic  exaalnatlon  was  performed  transverse  and  parallel  to  the 
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major  axis  or  minor  axis  of  the  columnar  grains  for  either  of  the  welding 
speeds  employed.  For  the  series  trhlch  employed  a  welding  speed  of  1.7  mm/s 
the  depth  of  penetration  decreased  initially  and  then  Increased  to  the 
depth  of  the  contol  series.  Conversely,  the  weld  bead  width  Increased 
Initially  with  the  Introduction  of  arc  rotation.  With  a  welding  speed  of 
3.4  mm/s,  arc  rotation  had  a  detrimental  effect  on  the  weld  bead  contour.^  - 

In  addition,  temperature  measurements  were  performed  on  a  control 
series  of  autogenous  gas  tungsten  arc  welds  and  a  series  of  gas  tungsten  arc 
welds  produced  while  rotating  the  arc  at  10  Hz.  The  thermal  profiles  of  the 
welds  were  measured  by  dragging  a  sheathed  and  grounded  tungsten  -  rhenium 
thermocouple  at  a  fixed  distance  behind  the  centerline  of  the  tungsten 
electrode  for  approximately  IS  seconds,  releasing  the  thermocouple  by 
breaking  a  fusible  link  attached  between  the  torch  and  a  carriage  on  which 
the  thermocouple  was  positioned,  and  recording  temperature  as  a  function  of 
distance  after  release.  Additional  welds  were  produced  in  which  the  thermo¬ 
couple  was  dragged  from  a  control  (unstirred)  weld  into  a  stirred  weld  pool. 
It  was  found  that  at  the  position  studied  there  was  minimal  superheat  in  the 
weld  pool.  Additionally,  the  weld  pool  temperature  decreased  at  a  fixed 
distance  behind  the  centerline  of  the  tungsten  electrode  when  stirring  was 
eqiloyed.  Futhermore,  arc  rotation  caused  a  decrease  in  the  thermal  gradient 
associated  with  the  semi-solid  zone. 

Finally,  calculations  comparing  the  equilibrium  llquldus  temperature 
with  the  actual  weld  pool  temperatures  indicated  that  cellular  or  dendritic 
as  opposed  to  planar  growth  were  probable;  however,  the  size  of  the  super¬ 
cooled  region  was  so  small  that  grain  refinement  due  to  the  postulated 
mechanisms  (dendrite  tip  fragmentation,  etc.)  would  not  be  expected. 
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ABSTRACT 


Held  aetal  grain  refinement  has  been  the  objective 
of  many  investigations.  Various  methods  to  refine  grains 
have  been  used  and  include  ultrasonic  and  mechanical 
vibration,  inoculation,  forced  convective  cooling,  and 
electromagnetic  agitation.  Electromagnetic  agitation 
has  several  advantages  over  other  methods  of  grain 
refinement  in  that  it  is  directly  applicable  to  a  wide 
range  of  existing  alloys,  readily  adaptable  to  the  welding 
torch,  and  does  not  require  mechanical  coupling  to  the 
weldment.  Numerous  investigations  have  employed  electro¬ 
magnetic  agitation  to  produce  rotation  of  the  weld  pool 
to  achieve  %reld  metal  grain  refinement.  A  majority  of 
these  investigations  used  a  superimposed  magnetic  field 
that  was  coaxial  with  the  welding  arc.  Several  proposed 
mechanisms  for  grain  refinement  due  to  electromagnetic 
agitation  have  Included:  dendrite  tip  fragmentation, 
weld  pool  temperature  equilibration,  accelerated  side 
wall  grotrth,  and  periodic  melting  and  reorientation  of 
secondary  dendrite  branches.  Some  investigators  have 
reported  the  effects  on  the  weld  metal  microstructure  of 
a  superimposed  magnetic  field  that  is  transverse  to  the 
welding  arc.  The  objective  of  this  program  is  to  define  the 
mechanism  of  grain  refinement  due  to  electromagnetic  agitation 
by  understanding  the  mode  of  solidification,  the  fluid  flow 
at  the  liquid-solid  interface,  and  the  thermal  gradients  in  the 
semi-solid  region.  The  work  reported  herein  used  a  commercial 
electromagnetic  arc  control  system  producing  a  transverse 
magnetic  field  that  enabled  the  arc  to  be  rotated  at  frequencies 
ranging  from  0  to  35  Rx. 

Autogenous  gas  tungsten  arc  welds  were  made  perpendicular 
to  the  rolling  direction  on  a  single  heat  of  T1-6A1-4V 
alloy.  Control  welds  were  made  without  arc  rotation. 

TWO  series  of  welds  were  made  with  the  rotating  arc,  one 
at  a  welding  speed  of  1.7  nm/s  and  the  second  at  a  welding 
speed  of  3.4  mm/s.  The  frequency  of  arc  rotation  was 
varied  from  1  to  35  Hz  tdiile  all  other  welding  variables 
were  maintained  constant. 

Netallographlc  examination  was  performed  transverse 
and  parallel  to  the  longitudinal  axis  of  the  weld  to 
determine  the  effect  of  arc  rotation  on  the  size  of  the 
columnar  grains  associated  with  titanium  welding,  the 
depth  of  penetration,  and  the  width  of  the  weld  bead. 

In  general,  increasing  the  frequency  of  arc  rotation 
over  the  range  studied  had  no  effect  on  the  area,  major 
axis  or  minor  axis  of  the  columnar  grains  for  either  of 
the  welding  speeds  employed.  For  the  series  which  employed 
a  welding  speed  of  1.7  mm/s  the  depth  of  penetration 


decreased  initially  and  then  Increased  to  the  depth  of 
the  control  series.  Conversely,  the  weld  bead  width 
Increased  initially  with  the  introduction  of  arc  rotation 
and  decreased  with  Increasing  frequency  of  rotation. 

With  a  welding  speed  of  3.4  mm/s,  arc  rotation  had  a 
detrimental  effect  on  the  weld  bead  contour. 

In  addition,  temperature  measurements  were  performed 
on  a  control  series  of  autogenous  gas  tungsten  arc  welds 
and  a  series  of  gas  tungsten  arc  welds  produced  while 
rotating  the  arc  at  10  Hz.  The  thermal  profiles  of  the 
welds  were  measured  by  dragging  a  sheathed  and  grounded 
tungsten  rhenium  thermocouple  at  a  fixed  distance  behind 
the  centerline  of  the  tungsten  electrode  for  approximately 
15  seconds,  releasing  the  thermocouple  by  breaking  a  fusible 
link  attached  between  the  torch  and  a  carriage  on  which  the 
thermocouple  was  positioned,  and  recording  temperature  as  a 
function  of  distance  after  release.  Additional  welds  were 
produced  in  which  the  thermocouple  was  dragged  from  a  control 
(unstirred)  weld  into  a  stirred  weld  pool.  It  was  found  that 
at  the  position  studied  there  was  minimal  superheat  in  the 
weld  pool.  Additionally,  the  weld  pool  temperature  decreased 
at  a  fixed  distance  behind  the  centerline  of  the  tungsten 
electrode  when  stirring  was  employed.  Futhermore,  arc 
rotation  caused  a  decrease  in  the  thermal  gradient  associated 
with  the  semi-solid  zone. 

Finally,  calculations  comparing  the  equilibrium  llquidus 
temperature  with  the  actual  weld  pool  temperatures  indicated 
that  cellular  or  dendritic  as  opposed  to  planar  growth  were 
probable;  however,  the  size  of  the  supercooled  region  was  so 
small  that  grain  refinement  due  to  the  postulated  mechanisms 
(dendrite  tip  fragmentation,  etc.)  would  not  be  expected. 
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BAOCCROUND 

ffold  oetal  grain  refineoent  has  been  the  objective  of  many  investigations. 
Various  oethods  to  refine  grains  have  been  used  and  include  mechanical 
vibration,^  inoculation forced  convective  cooling^'^  and  electromagnetic 
agitation. Electromagnetic  agitation  has  successfully  been  used  for 
grain  refinement  in  castings  and  has  several  advantages  over  other  methods  of 
weld  metal  grain  refinement  in  that  it  is  readily  adaptable  to  the  welding 
torch,  does  not  require  mechanical  coupling  to  the  weldment,  and  is  directly 
applicable  to  a  wide  range  of  alloys. 

Various  investigations^ have  reported  that  electromagnetic  agitation 
suppresses  the  columnar  growth  of  the  weld  metal  in  unalloyed  titanium  and 
T1-6A1-4V  (reduction  in  grain  size  was  approximately  10  to  1);  however,  grain 
refinement  of  Ti-13V-llCr-3Al  did  not  occur.  Similarly,  other  investigators^ 
have  reported  that  alternating  external  magnetic  fields  cause  extensive  grain 
refinement  in  some  aluminum  alloys  while  in  other  aluminum  alloys  alternating 
external  magnetic  fields  had  little  or  no  effect  on  grain  refinement. 

There  are  conflicting  views  reported  as  to  the  mechanism  involved  in  weld 
metal  grain  rafinement  due  to  electr<xaagnetlc  agitation.  Brown ^  suggests 
that  electromagnetic  stirring  produces  a  relative  shear  force  between  the 
liquid  and  solid  at  the  solidifying  interface  which  can  cause  fragmentation 
of  dendrites,  provide  an  increased  number  of  atoms  to  critical  sized  nuclei, 
or  mix  higher  melting  composition  solute  back  to  the  supercooled  region  and 
thus  enhance  nucleation.  Chemysh^  states  that  electromagnetic  stirring 
equillses  the  mean  temperature  of  the  molten  pool  in  the  semi-solid  region 
relative  to  the  temperature  along  the  axis  of  welding  and  accelerates 


solidification  of  the  pool  by  a  factor  of  2-3.  In  a  later  investigation 
Chernysh^  proposes  that  the  primary  structure  of  weld  metal  is  refined  due 
to  higher  solidification  rates  combined  with  periodic  melting  of  crystals 
when  electromagnetic  stirring  is  employed.  Abralov  ^  proposes  that  electo- 
magnetlc  agitation  refines  the  primary  structure  grain  size  by  periodically 
melting  the  bases  of  secondary  dendrite  branches,  separating  the  branches 
away  from  the  main  arm,  and  allowing  a  new  grain  to  grow  without  an  additional 
nucleus . 

Examination  of  these  and  other  lnvestlgatlons^~^^  Into  the  cause  of  weld 
metal  grain  refinement  due  to  electromagnetic  agitation  Indicates  that  the 
important  areas  for  study  to  determine  the  mechanism  governing  grain  refine¬ 
ment  Include  solidification,  fluid  dynamics,  and  heat  transfer.  The  objective 
of  this  work  is  to  define  the  mechanism  of  grain  refinement  due  to  electro¬ 
magnetic  agitation  by  understanding  the  mode  of  solidification,  the  fluid 
flow  at  the  liquid-solid  Interface  and  the  thermal  gradients. in  the  semi¬ 
solid  region. 

i.n  the  present  investigation  the  use  of  commercial  electromagnetic  arc 
control  equipment  was  explored  as  a  means  of  refining  weld  metal  grain  size. 

In  addition,  a  unique  apparatus  was  developed  to  measure  the  thermal  gradient 
of  the  semi-solid  region. 

SOLIDIFICATION  THEORY 

The  fact  that  the  liquidus  and  solidus  of  most  alloys  do  not  coincide, 
shown  schematically  in  Figure  la,  indicates  that  the  solubility  of  the  solute, 
at  a  given  temperature,  is  different  In  the  solid  and  liquid  phases.  Upon 
freezing,  this  difference  in  solubility  results  In  the  partitioning  of  solute 
at  the  solid-liquid  interface  and,  consequently,  differing  equilibrium 


conposltlons  in  the  liquid  and  the  solid.  Figure  la.  The  concentrations  of 


the  solute  in  the  solid  and  the  liquid  at  the  Interface  are  Cg  and  Cl, 
respectively.  The  ratio  of  these  concentrations  is  defined  as  the  equilibrium 
distribution  coefficient,  k^,  that  is. 


Diffusion  of  the  solute  in  the  solid  is  usually  much  slower  than  in  the 
liquid.  Assuming  that  equilibrium  exists  at  the  Interface,  ignoring  diffusion 
in  the  solid,  allowing  diffusion  as  the  only  transport  mechanism  in  the 
liquid,  and  considering  the  rate  of  the  advancing  interface,  R,  results  in 
the  solute  distribution  shown  in  Figure  lb.  The  distribution  of  the  solute 
due  to  rejection  at  the  advancing  Interface  and  diffusion  into  the  liquid  is 
represented  by  the  curve.  Since  the  composition  of  the  solid  equals  the 
initial  coaQ>osltlon  of  the  liquid,  Cq,  a  steady  state  condition  can  exist 
and  only  in  this  case  does  the  amount  of  solute  in  the  enriched  layer  of  the 
liquid  remain  constant.  Thus,  the  concentration  of  the  solute  in  the  liquid 
at  a  distance,  x,  ahead  of  the  interface  can  be  expressed  as  follows^^ 

Cl  -  Co 

where  0  is  the  diffusion  coefficient  of  the  solute  in  the  liquid.  The 
diffusion  coefficients  for  liquid  metals  are  the  same  within  a  factor  of 
ten;  5  x  10"^  cm^/s  being  a  representative  value. 

Under  the  conditions  which  prevail  during  solidification  of  the  weld  pool, 
the  assumption  of  mixing  by  diffusion  only  is  unlikely  because  of  temperature 

.16 


gradients  and  surface  tension  driven  flow  which  promote  natural  convection 
The  effect  of  mixing  on  solute  redistribution  due  to  fluid  motion  by 


convection  has  been  reported  by  Wagner. ^7  Wagner  states  that  the  solute 
moves  only  by  diffusion  through  a  laminar  flow  of  fluid  of  thickness,  d, 
beyond  which  convection  controls  and  dictates  a  uniform  liquid  composition, 

C)ii.  This  layer  of  laminar  flow  is  sufficiently  thick  so  as  to  Include  all 
of  the  diffusion  zone  when  motion  of  the  liquid  is  confined  to  natural 
convection.  When  motion  of  the  liquid  is  more  violent  the  boundary  layer  is 
not  thick  enough  to  accomodate  the  entire  diffusion  zone,  in  which  case 
diffusion  controls  the  motion  of  solute  up  to  a  point  beyond  which  mixing 
predominates,  see  Figure  Ic. 

The  equilibrium  llquldus  temperature  is  dependent  on  solute  concentration 
according  to  the  phase  diagram,  see  Figure  la.  As  the  liquid  is  enriched  due 
to  rejection  of  solute  at  the  solid-liquid  interface,  the  equilibrium  llquldus 
teiiq>erature  decreases  ahead  of  the  advancing  interface.  The  equilibrium 


m 


llquldus  temperature  ahead  of  the  Interface  is  shown  schematically  in  Figure 
Id  and  is  given  for  a  position  at  the  interface  by 

Te  -  To  -  mCL  (3) 

where  m  is  the  slope  of  the  llquldus  line ^Tg/dCx^  and  Tq  is  the  equilibrium 
melting  temperature  for  the  pure  metal.  For  any  point,  x,  ahead  of  the 
interface  the  equilibrium  llquldus  temperature  can  be  obtained  by  substituting 
equation  (2)  into  (3)  and  obtaining 


Tq  "  “Cq 


1  +  l-kp,  exp  Ar 

ko  \  °  / 


(4) 


With  the  introduction  of  mixing,  the  concentration  of  the  solute  in  the 
liquid  beyond  the  effective  diffusion  zone  is  Increased  and  therefore  the 
equilibrium  llquldus  temperature  is  decreased  as  shown  in  Figure  le. 


The  actual  temperature  at  any  point  In  the  liquid  is  given  by 

T  -  To  -  mCo  +  Gx  (5) 

ko 

where  G  is  the  thermal  gradient  and  Tq  ~  mCp  is  the  temperature  at  the  Interface. 

ko 

A  positive  thermal  gradient  is  normally  found  in  the  weld  pool  because  the 
heat  source  is  at  the  center.  However,  because  of  the  decrease  in  equilibrium 
liquldus  temperature  at  the  interface,  it  is  possible,  even  with  a  positive 
thermal  gradient,  to  have  a  region  of  supercooled  liquid,  see  Figure  If. 
Therefore,  the  possibility  of  dendritic  growth  even  in  the  presence  of  a 
positive  thermal  gradient  exists. 

ELECTROHAGNETIC  STIRRING 

Electromagnetic  stirring  operates  on  the  principle  of  a  resultant  force  on 
a  current-carrying  conductor  due  to  a  uniform  magnetic  field,  B.  The  welding 
current,  i,  consists  of  the  electrons  in  both  the  arc  plasma  and  the  weld 
pool.  When  the  welding  current  is  placed  in  a  uniform  magnetic  field  the 
normal  components  of  current  and  isagnetic  flux  result  in  a  force  which  is 
perpendicular  to  both.  By  orienting  the  magnetic  flux  transverse  or  along 
the  axis  of  the  welding  electrode  different  effects  can  be  obtained. 

When  the  magnetic  flux  is  transverse  to  the  axis  of  the  electrode,  as 
shown  in  Figure  2a,  the  magnetic  field  Interacts  with  the  vertical  compontn-it 
of  the  current  and  results  in  arc  deflection.  Minimal  interaction  between  B  and 
the  current  in  the  weld  pool  occurs  because  the  magnitude  of  B  at  any  point  is 
Inversely  proportional  to  the  square  of  distance.  Therefore  the  magnetic  field 
is  greatest  at  the  probe  tips  and  rapidly  decreases  with  increasing  distance. 

By  rotating  the  magnetic  field  around  the  axis  of  the  electrode  the  deflected 


arc  is  also  rotated 


Vlhen  the  nagnetic  flux  is  coaxial  with  the  electrode,  as  shown  in  Figure 
2b,  the  magnetic  field  Interacts  with  the  horizontal  component  of  the  current 
and  results  in  arc  and  liquid  metal  rotation. 

APPARATUS 

MAGNETIC  FIELD  GENERATOR 

The  Cyclomatic  Arc  Pattern  Control  system  used  in  this  study  consists  of  a 
solid  state  control  panel.  Model  90A,  and  a  water  cooled  probe.  Model  4613A, 
which  fits  around  the  welding  torch  nozzle.  This  system  employs  a  transverse 
magnetic  field  which  provides  magnetic  control  of  the  arc  along  two  axes  and 
Interdependent  amplitude  and  frequency  controls.  The  magnetic  flux  generated 
depends  on  the  frequency  of  rotation  and  can  be  varied  from  0.01  to  0.06T. 
THERMAL  PROFILER 

The  equipment  developed  to  measure  the  thermal  gradient  of  the  weld  pool 
semi-solid  region  consists  of  an  enclosure  which  provides  inert  gas  coverage 
of  the  weld  specimen,  excellent  visibility  of  the  arc  and  weld  pool,  and  a 
platform  on  which  a  thermocouple  carriage  is  transported  (Figure  3a).  The 
thermocouple  carriage  holds  a  tantalum  sheathed,  grounded,  tungsten  -  5% 
rhenium:  tungsten  -  26Z  rhenium  thermocouple  and  is  maintained  at  a  constant 
position  behind  the  welding  torch  by  means  of  a  fusible  link  (Figure  3b). 

The  thermoelectromotlve  force  is  recorded  as  a  function  of  tine  on  a  chart 
recorder.  The  abscissa  in  units  of  time  is  converted  to  distance  by  applying 
a  voltage  to  the  recorder  at  measured  intervals  along  the  surface  of  the 
specimen. 


EXPERIMENTAL  PROCEDURES 


Tw  sets  of  experiments  were  conducted.  Autogenous  gas  tungsten  arc  welds 
were  made  with  and  without  arc  rotation  to  determine  the  effect  of  stirring 
frequency  on  grain  size.  Additionally,  autogenous  gas  tungsten  arc  welds 
were  made  with  and  without  electromagnetic  stirring  during  which  a  thermo¬ 
couple  was  dragged  at  a  fixed  distance  from  the  electrode  to  determine  the 
effect  of  stirring  on  thermal  gradients* 

In  the  first  set  of  tests,  two  series  of  welds  were  produced  at  two  travel 
speeds,  1.7  and  3.4  nm/s,  while  the  frequency  of  arc  rotation  was  varied  from 
0  to  35  Hz,  see  Table  1.  All  other  welding  variables  were  maintained  constant. 
Metallographlc  examination  was  performed  transverse  (TS  plane)  and  parallel 
(LS  plane)  to  the  longitudinal  axis  of  the  weld  to  determine  the  effect  of 
arc  rotation  on  the  area,  major  axis,  and  minor  axis  of  the  columnar  grains. 

In  the  second  set  of  tests,  temperature  measurements  were  performed  on 
a  control  series  of  autogenous  gas  tungsten  arc  welds  and  a  series  of  gas 
tungsten  arc  welds  while  rotating  the  arc  at  10  Hz.  The  thermal  profiles  of 
the  welds  were  measured  by  Initiating  an  arc  on  the  leading  edge  of  pre-existing 
weld  craters,  establishing  a  weld  pool  and  at  the  same  time  preheating  the 
thermocouple  with  arc  radiated  heat,  initiating  travel  which  In  turn  immersed 
the  thermocouple  In  the  weld  pool,  dragging  the  thermocouple  in  the  weld 
pool  at  a  fixed  distance  behind  the  centerline  of  the  tungsten  electrode  for 
approximately  15  seconds  to  establish  equilibrium  conditions,  and  releasing 
the  thermocouple  by  breaking  a  fusible  link  attached  between  the  torch  and 
thermocouple  carriage.  Additional  welds  were  produced  in  which  the  thermo¬ 
couple  was  dragged  from  an  unstirred  weld  pool  Into  a  stirred  weld  pool. 


The  thermocouple  was  positioned  8  am  behind  the  centerline  of  the  electrode 
along  the  axis  of  the  weld.  Positions  closer  to  the  arc  were  attempted; 
however,  with  the  welding  variables  employed  8  on  was  the  minimum  distance 
from  the  electrode  centerline  that  the  thermocouple  could  be  reliably  Immersed 
Into  the  weld  pool  without  melting.  The  depth  of  Immersion  was  2  mm  and  was 
determined  by  metallographlc  techniques.  The  positioning  of  the  thermocouple 
Is  shown  schematically  In  Figure  4. 

WELDING  PROCEDURES 

All  the  weld  beads  were  produced  bead-on-plate,  perpendicular  to  the  rolling 
direction.  In  the  flat  position  under  carefully  controlled  and  monitored 
conditions . 

The  set  of  welds  made  to  determine  the  effect  of  stirring  frequency  on  grain 
size  employed  automated  GTAW  equipment  with  a  4  mm  diameter,  IX  thorlated 
tungsten  electrode  ground  to  a  30*  included  angle.  The  welding  was  done 
with  DCEN.  The  arc  voltage  was  16  V,  the  current  was  300A,  the  shielding 
gas  was  argon  at  19^mln,  and  the  travel  speed  was  either  1.7  or  3.4  mm/s. 

The  set  of  welds  made  while  dragging  a  thermocouple  with  and  without  electro¬ 
magnetic  stirring  used  automated  GTAW  equipment  with  a  4am  diameter,  2X 
thorlated  tungsten  electrode  ground  to  a  30  Included  angle.  The  welding 
was  done  using  DCEN  with  an  arc  voltage  of  14  V,  an  amperage  of  300  A,  argon 
at  19  i/mln  as  the  shielding  gas,  a  travel  speed  of  1.5  mm/s,  and  arc 
rotation,  when  employed,  at  10  Hz. 

TEST  MATERIAL 

The  plate  material  used  In  all  of  the  tests  was  30  X  230  X  230  ram  Ti-6A1-4V. 
The  surfaces  were  degreased  with  acetone  and  rotary  wire  brushed  prior  to 
welding. 


TABLE  1 

-  WELDING 

CONDITIONS 

Held 

Current 

Voltage 

Travel  Speed 

Identification 

A 

V 

mn/s 

09023-1 

300 

16 

1.7 

09023-2 

300 

16 

1.7 

09023-3 

300 

16 

1.7 

09023-4 

300 

16 

1.7 

09023-5 

300 

16 

1.7 

09023-6 

300 

16 

1.7 

09023-7 

300 

16 

1.7 

09023-8 

300 

16 

1.7 

09023-9 

300 

16 

1.7 

09023-10 

300 

16 

1.7 

09023-11 

300 

16 

1-7 

15102-1 

300 

16 

3.4 

15102-2 

300 

16 

3.4 

15102-3 

300 

16 

3.4 

18102-4 

300 

16 

3.4 

18102-5 

300 

16 

3.4 

18102-6 

300 

16 

3.4 

18102-7 

300 

16 

3.4 

18102-8 

300 

16 

3.4 

18102-9 

300 

16 

3.4 

18102-10 

300 

16 

3.4 

Frequency  of 
Arc  Rotation 
Hz 

0 

1.5 

4.5 

7.5 

11.5 

14.5 

20.5 

25.5 

29.5 

33.5 
35 

0 

1.5 

4.5 

7.5 

11.5 

14.5 

20.5 

25.5 

29.5 

33.5 


18102-11 


300 


16 


3.4 


35 


RESULTS  AND  DISCUSSION 
EFFECT  OF  STIRRING  ON  GRAIN  SIZE 

The  paraaeters  of  travel  speed  and  frequency  of  arc  rotation  were  varied 
Independently*  All  other  welding  conditions  were  held  constant  during  each 
experiisent.  Data  taken  from  quantitative  metallographic  analysis  of  weld 
cross  sections  In  which  travel  speed  and  frequency  of  arc  rotation  were 
systematically  varied  from  one  series  of  experiments  to  the  other  are 
presented  In  Figures  5  and  6. 

The  data  Indicate  that  the  columnar  grain  size,  as  represented  In  Figure  5 
by  the  major  axis  of  columnar  grains  In  transverse  cross  sections  and  shown  In 
Figure  7  did  not  vary  considerably  as  a  function  of  frequency  of  rotation  for 
either  welding  speed  employed.  Similarly,  Increasing  the  frequency  of  arc 
rotation  over  the  range  studied  had  no  effect  on  the  area  or  length  of  minor 
axis  transverse  to  the  direction  of  welding  nor  was  an  effect  noted  parallel  to 
the  welding  direction. 

For  the  series  which  employed  a  welding  speed  of  1.7  mm/s  the  depth  of 
penetration  decreased  Initially  and  then  Increased  to  the  depth  of  the  control 
specimens.  Conversely,  the  weld  bead  width  increased  Initially  with  the 
introduction  of  arc  rotation  and  decreased  with  Increasing  frequency  of 
rotation.  For  the  series  which  employed  a  welding  speed  of  3.4  mm/s  arc 
rotation  had  a  detrimental  effect  on  the  weld  bead  contour  and  resulted  in 
dimples  which  were  evenly  spaced  on  the  weld  bead  surface. 

EFFECT  OF  STIRRING  ON  TEMPERATURE 

A  typical  thermocouple  trace  Is  shown  In  Figure  8  and  consists  of  the 
following  features:  preheating  of  the  thermocouple;  the  thermocouple  enters 


the  weld  pool;  a  liquid  zone  of  alnlmal  superheat;  release  of  the  thermocouple 
and  Initiation  of  a  coordinate  axis;  a  semi-solid  zone  with  a  steep  thermal 
gradient;  and  the  solid  zone.  At  the  position  of  the  thermocouple  In  the 
liquid,  2  mm  from  the  Interface,  temperature  was  uniform  with  or  without 
stirring.  In  welds  where  the  thermocouple  was  dragged  from  an  unstirred 
weld  pool  Into  a  stirred  weld  pool  a  decrease  In  temperature  of  approximately 
40"  C  was  observed.  This  decrease  In  temperature  was  observed  only  when 
the  thermocouple  had  traversed  5  mm  after  the  Introduction  of  the  magnetic 
field,  which  would  bring  the  thermocouple  to  the  position  of  the  arc  when 
the  magnetic  field  was  Introduced.  Therefore,  it  Is  believed  that  the 
decrease  In  temperature  of  the  weld  pool  Is  due  to  the  dissipation  of  arc 
heat  over  a  larger  area  rather  than  a  stirring  motion  of  the  weld  pool.  A 
stirring  motion  of  the  weld  pool  would  affect  the  thermocouple  reading  as 
soon  as  the  magnetic  field  was  Initiated. 

In  the  semi-solid  zone  the  unstirred  and  stirred  specimens  exhibited 
average  temperature  gradients  of  99  and  83"  C/mm.  Although  the  position 
of  the  thermocouple  relative  to  the  tungsten  electrode  was  the  same  for  all 
experiments,  stirring  changed  weld  pool  shape  so  that  the  position  of  the 
thermocouple  relative  to  the  solid-liquid  Interface  was  2.8  mm  In  the  unstirred 
weld  pool  and  2.0  mm  In  the  stirred  weld  pool.  Thus,  It  appears  that  the 
decrease  In  thermal  gradients  and  absolute  weld  pool  temperature  In  the 
stirred  weld  pool  may  be  a  result  of  the  change  In  weld  bead  shape  which 
resulted  In  the  thermocouple  being  positioned  closer  to  the  solid-liquid 


Interface 


HODS  OF  SOLIDIFICATION 


The  equilibrium  liquldus  temperature  ahead  of  the  solld-Ilquid  interface 
for  T1-6A1  was  calculated  using  equation  (4)  and  is  shown  is  Figure  9. 
Additionally,  Figure  9  combines  equation  (5),  the  equation  for  the 
theoretical  temperature  at  any  point  ahead  of  the  solid-liquid  Interface 
and  the  eiq>lrlcally  derived  thermal  gradients,  G,  for  the  control  and  stirred 
welds.  By  comparing  the  equllbrlum  liquldus  temperature  and  the  actual  weld 
pool  temperature  ahead  of  the  solid-liquid  interface,  cellular  or  dendritic 
as  opposed  to  planar  growth  would  most  probably  occur  because  of  supercooling; 
however,  the  maximum  length  of  the  supercooled  region  Is  so  small,  0.07  mm, 
that  grain  refinement  In  T1-6A1-4V  due  to  the  postulated  mechanisms  (dendrite 
tip  fragmentation,  etc.)  would  not  be  expected.  The  accuracy  of  the 
equilibrium  liquldus  temperature  line  would  be  Improved  by  use  of  the  ternary 
T1-6A1-4V  diagram. 

ALLOY  SYSTEM  AND  PLATE  THICKNESS 

The  ability  to  refine  grain  size  Is  dependent  on  two  important  factors 
which  have  not  yet  been  discussed,  alloy  system  and  plate  thickness.  The 
Importance  of  the  alloy  system  has  been  recognized  by  other  Investigators  in 
that  a  large  separation  of  the  solldus-llquidus  will  result  in  a  larger 
seml-solld  zone  and  dendritic  growth  will  be  encouraged.  Dendritic  growth 
Is  necessary  for  grain  refinement  by  dendrite  tip  fragmentation  or  secondary 
drendrite  arm  separation.  An  understanding  of  the  mechanism  of  grain  refine¬ 
ment  as  it  applies  to  the  T1-6A1-4V  system  will  be  enhanced  by  consideration 
of  solldus-llquidus  separation  with  respect  to  other  alloy  systems. 
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The  effect  of  plate  thickness  on  grain  refinement  has  not  been  discussed  in 
the  literature  and  may  play  a  critical  role  in  the  ability  to  refine  grains. 

Thin  plate,  bam  or  less,  approximates  2-dimenslonal  heat  flow,  especially  in 
full  penetration  welds.  There  is  only  a  small  thermal  gradient  in  the  through 
thickness  direction.  The  solidification  grains  grow  in  the  direction  of 
maximum  thermal  gradients  and  will  have  their  major  axes  parallel  to  the  plate 
surface  as  sho%ra  in  Figure  10a.  Grains  oriented  in  this  manner  may  be  more 
amenable  to  refinement  due  to  periodic  remeltlng  at  the  interface.  Thick 
plate  heat  flow  occurs  3-dimens ionally,  and  the  grains  have  their  major 
axis  in  the  through  thickness  direction,  as  shown  in  Figure  10b.  The  potential 
for  grain  refinement  provided  by  a  method  such  as  stirring  with  a  transverse 
magnetic  field  where  the  effect  is  mainly  on  the  arc  and  pool  surface,  will 
be  decreased  in  this  case.  The  effect  of  heat  flow  as  a  function  of  plate 
thickness  may  be  a  critical  factor  in  grain  refinement  since  it  is  possible  that 
the  length  of  the  supercooled  region  in  the  weld  pool  will  be  affected  by  heat 
flow  patterns  dictated  by  plate  thickness* 

CONCLUSIONS 

1*  Electromagnetic  stirring  using  a  transverse  field  alters  the  weld  pool 
shape  but  does  not  refine  the  columnar  grain  size  of  thick  section,  30  mm, 
T1-6A1-4V.  The  small  supercooled  region  limits  dendrite  length,  making  grain 
refinement  by  tip  fragmentation  or  secondary  arm  separation  Improbable. 

2.  There  is  minimal  superheat  in  the  weld  pool  8  mm  behind  the  centerline 
of  the  electrode.  With  the  introduction  of  a  rotating  transverse  magnetic 
field  the  weld  pool  temperature  decreases  and  thermal  gradients  in  the 
s«d.-solld  zone  also  decrease. 


3*  Calculations  based  on  constitutional  supercooling  and  measured  thermal 
gradients  Indicate  cellular  or  dendritic  growth  of  the  advancing  solid-liquid 
weld  pool  Interface. 

ON-GOING  WORK 

Based  on  the  results  presented  herein  work  Is  continuing  In  the  following 
areas . 

1.  The  effect  of  heat  flow  on  weld  metal  grain  orientation  and  resulting 
grain  size,  shape  and  substructure  must  be  established  for  unstirred  and 
electronagnetlcally  agitated  weld  pools.  This  work  Is  being  performed  by  comparing 
results  of  metallography  of  welds  made  on  thin  and  thick  section  material. 

2.  The  mode  of  solidification  of  titanium  weld  metal  must  be  established 
and  resulting  changes  due  to  a  superimposed  magnetic  field  observed.  Removal  of 
the  liquid  from  the  advancing  liquid-solid  Interface  by  a  technique  known  as 
Impulse  decanting  will  be  employed  In  order  to  directly  observe  the  mode  of 
solidification  and  compare  the  results  with  the  predicted  growth. 

3.  A  large  separation  of  the  solldus-llquldus  In  an  alloy  system  encourages 
dendritic  growth  and  this  mode  of  solidification  Is  essential  for  refinement  due 
to  dendrite  tip  fragmentation  or  secondary  dendrite  arm  separation.  Other  alloy 
systems  having  large  seml-solld  zones  will  be  investigated  to  enhance  the 
understanding  of  the  grain  refinement  mechanism  as  It  applies  to  the  titanium- 
aluminum  system. 
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Figure  2  -  Resultant  Forces  on  Arc  due  to  Superimposed  Magnetic  Field 
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